Background: Several cellular and molecular targets and mechanisms have been investigated in preclinical studies of acute kidney injury (AKI), but translation in successful clinical studies has failed to date. This article reviews many issues that have limited this and the potential future perspectives in AKI prevention and treatment. Summary: Preclinical models of AKI should closely mimic the complexity of human AKI, considering the importance of several comorbidities in determining the clinical course and outcomes in the human disease. Moreover, studies should test novel interventions in models where AKI is already established, instead of focusing only at primary prevention. AKI definitions and endpoints in animal studies should be similar to those applied in clinical studies; in particular, AKI biomarkers should be implemented to guide patient selection for clinical trials and monitor intervention efficacy. In this scenario, cell-cycle arrest biomarkers have been widely investigated as AKI predictors in both preclinical and clinical studies and they serve as useful tools for future interventional studies. A better understanding of human AKI through a large collection of biological samples and kidney biopsies and omics applications, and an iterative relationship between preclinical and clinical studies are critical steps to improve future preclinical models and clinical trials. Finally, given the great variability in clinical manifestation of AKI, a strong collaboration between research centers and industry is recommended. Key messages: Several methodological issues have hampered the translation of basic research findings in clinical studies, and overcoming these obstacles is necessary to achieve success.
Introduction
Acute kidney injury (AKI) is a common clinical condition, associated with increased length of hospital stay, health care costs, morbidity and mortality in critically ill patients [1] . Several advances have been made in the early recognition of clinical AKI and its risk factors. Similarly, several cellular and molecular mechanisms and potential targets of AKI have been investigated in recent years in various preclinical models [2] . However, these promising findings were not successfully confirmed in clinical studies and no effective AKI therapies have been approved to date. Differences between preclinical and clinical studies represented one of the most important barriers to translation into clinical practice [3] . The purpose of this article is to discuss the lack of translation between animal and human AKI models and to propose future directions for improving translational AKI research.
Disconnection between Preclinical and Clinical AKI Studies: Why?
The purpose of using a preclinical model of AKI is to provide novel insights into the pathogenetic mechanisms and pathways implicated in the development of AKI. Moreover, the identification of new diagnostic biomarkers and specific therapeutic targets should improve the ability to predict and diagnose the disease and inform on the design of future clinical trials [4] . There are several reasons for the failure of this translational approach. First, a preclinical model must closely mimic the human condition. Human AKI is a systemic and nonspecific clinical syndrome that can result from different potential etiologies and a great variability in the clinical manifestation [5] . Sepsis is the most common cause of AKI; however, in septic patients, other factors like age, comorbidities (diabetes, cardiovascular disease, chronic kidney disease), and potential exposures (nephrotoxic drugs, contrast media, fluid administration) may influence AKI development and progression. These risk factors have been poorly considered in setting animal models for AKI. The Acute Dialysis Quality Initiative XIII Working Group proposed the development of context-specific preclinical models that not only replicate the exposures but also consider the human complexity [2] . Interesting findings from single experimental models should be validated in more realistic models and then tested in human AKI.
Second, the majority of AKI cases in the clinical practice are not preventable and most patients already have AKI at the time of presentation to medical attention [6] . By contrast, most preclinical studies mainly focused on a prophylactic approach, where the protective agents are administered before the renal insult (primary prevention) [7] . In this setting, a secondary prevention approach, where a potential treatment is given when AKI is already established, might be more realistic, and closer to the human condition [2] .
Third, the selection of appropriate and similar AKI definitions and endpoints for outcome measures was an important limitation in translating preclinical findings in clinical studies in AKI. There is an important disconnect between preclinical and clinical interventional studies concerning the setting; most clinical studies evaluate AKI in patients undergoing cardiac surgery or in the context of contrast-associated AKI, while preclinical studies focused more on ischemia-reperfusion injury and drug-induced AKI [3] . Moreover, an important heterogeneity in the definitions of AKI between preclinical and clinical studies has been demonstrated and only few studies included AKI biomarkers in the outcomes. Most animal and human studies rely on changes in serum creatinine, need for dialysis, and mortality, but each of these outcomes measures is characterized by several issues. For example, the definition of the reference creatinine to assess the degree of creatinine changes and AKI stages is controversial [4] . Dialysis use is often influenced by clinical judgment, and several factors and comorbidities determine mortality risk. These potential confounders should be considered. Finally, AKI biomarkers may also have a role in "hardening" clinical endpoints, since tissue is not obtained in clinical trials.
Given all these limitations, the redesign of preclinical studies is urgently needed to avoid false positive discoveries and improve the clinical relevance and the translation of preclinical findings [8] . Similarly, clinical trials could improve by taking these limitations into account.
AKI Biomarkers: A Tool for Translational Research in AKI
The development and implementation of new therapeutic agents first require an accurate ability to predict and diagnose AKI. Since serum creatinine and urine output are late and functional markers, several novel AKI biomarkers have been identified in both preclinical and clinical studies in the last few years. In particular, great efforts have been made to identify biomarkers of renal damage, or even stress, which may enable physicians to detect the disease early and limit its extent. These biomarkers may also play important roles in the design of new trials for investigational drugs by providing enrichment [9] . By excluding patients who are unlikely to develop AKI, we can apply our interventions to those at highest risk, thus reducing costs and potential toxicity. In clinical trials, we can dramatically reduce sample size and therefore improve both feasibility and safety.
While several novel biomarkers may have utility for enrichment, the cell cycle arrest biomarkers tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulinlike growth factor binding protein 7 (IGFBP7) appear particularly promising, with evidence in both animal and human studies. Both TIMP-2 and IGFBP7 are inducers of G1 cell-cycle arrest that occurs early after cellular stress [10] . Temporary G1 cell-cycle arrest represents a protective mechanism to avoid the replication of injured cells and, consequently, reduce kidney damage. However, a prolonged cell-cycle arrest can result in a fibrotic phenotype switch that characterizes the maladaptive response leading to chronic kidney disease [11] . Together these markers outperform other existing AKI biomarkers in predicting the development of moderatesevere AKI in the next 12 h [12] , and the product of (
[TIMP-2]·[IGFBP7]) has been approved for clinical use. ([TIMP-2]·[IGFBP7]
) rapidly increases in response to several different insults in patients who develop AKI [13] and also correlates with adverse long-term outcomes [14] . Moreover, their performance has been tested and validated also in animal studies. In a rat model of AKI secondary to cecal ligation and puncture, ([TIMP-2]·[IGFBP7]) was significantly higher in animals that developed AKI and they also predicted mortality [15] .
Future Directions
Despite several discoveries in cellular and molecular targets implicated in the pathogenesis of AKI, a successful clinical translation of these findings has failed, and none have yet successfully translated into clinical practice. Several steps should now be taken to improve translational research in AKI (Table 1) . A first step should be a better understanding of human AKI; in this scenario, future studies should systematically collect biological samples and kidney biopsy tissue in order to discover new pathogenetic pathways in the human disease [8] . In the era of precision medicine, the application of high-throughput technologies may help in assessing similarities and differences in the pathogenesis of AKI between animal and human models, identifying specific AKI endophenotypes and, consequently, in improving the design of clinical trials (e.g., selecting those patients with high probability of treatment success or excluding patients with a low probability of benefit). The increased knowledge on human AKI should also be critical in optimizing preclinical animal models that need to include clinical risk factors (comorbidities) influencing patient susceptibility to the disease [4] . Hence, the traditional "bench to bedside" approach should be replaced by a more dynamic process, where clinical studies should be designed on the basis of preclinical findings and their results should be used to develop more appropriate preclinical models that closely mimic the human disease (Fig. 1) . In this scenario, since human AKI is hard to prevent in clinical practice, it is also important that future preclinical studies should prioritize secondary prevention, where candidate interventions are administered when AKI is already present, at least by biomarkers, instead of using them prophylactically [2] . In order to achieve these goals, given the high heterogeneity of AKI, there is a critical need to establish collaborations among centers and develop networks and databanks to collect clinical and biological information on AKI patients characterized by specific history of disease, clinical course, and, where possible, histopathology [4] . Importantly, a strong relationship between academia and industry is urgently recommended for improving the design of both preclinical and clinical studies [2] . The use of standardized definitions of AKI among preclinical and clinical studies and the inclusion of AKI biomarkers both for patient selection, and even possibly as endpoints, is crucial to predict and monitor the response to novel AKI therapies [3] .
Conclusions
AKI is still a severe clinical condition in critically ill patients with high morbidity and mortality due to the absence of specific therapies for AKI. A translational approach in AKI research is required to develop effective interventions and improve AKI outcomes in the clinical setting. The improvement in the knowledge of human AKI, the development of more clinically relevant preclinical models, the introduction of novel approach (omics), the availability of novel biomarkers and networks, and collaborations between academia and industry are the next steps in facilitating translational research in AKI.
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